INTRODUCTION
The intestinal tract is known to be a major site of early human immunodeficiency virus (HIV) infection and replication, and is likely a major reservoir for viral persistence, particularly in patients on anti-retroviral therapy. 1, 2 Thus, a number of investigators are sampling intestinal CD4 + T cells to monitor response to anti-retroviral therapy. 1, 3, 4 Furthermore, understanding the dynamics of HIV infection and replication, specifically in mucosal tissues, is fundamental to understanding the pathogenesis of HIV infection, and probably to the development of an effective HIV-1 vaccine. 5 For these and other reasons, there is an emerging consensus that measuring intestinal mucosal immune responses may be important for measuring the effectiveness of HIV-1 vaccines and treatment strategies.
However, examining intestinal tissues in humans is problematic, and not without risk. Intestinal biopsies require specialized equipment and skills, and it is unlikely that they can be routinely performed in the field, especially in the context of a large vaccine trial. Therefore, it would be very useful to identify a surrogate marker for tracking changes in mucosal CD4 + T cells which could be routinely measured in blood to predict responses to therapy, vaccines, or progression to AIDS.
The integrin 4 7 mediates lymphocyte migration to the intestine through interaction with the mucosal addressin cell adhesion molecule-1 (MAdCAM-1), which is predominantly expressed on venules in the gut-associated lymphoid tissue (GALT) and intestinal lamina propria. 6, 7 Thus, cells expressing 4 7 in the blood are believed to traffic predominantly to the intestine. Recently, HIV-1 gp120 was shown to bind and signal through 4 7 , which provides an additional explanation for HIV ' s selective tropism for the intestinal immune system, in addition to the preponderance of CCR5 + memory phenotype CD4 + T cells in this location. 8 -10 Furthermore, HIV-1 binding to 4 7 triggers cellular activation and may facilitate selective infection of these cells, or the formation of viral synapses, which may facilitate cell-to-cell HIV-1 transmission. 5 We thus hypothesized that the level of circulating 4 7 + CD4 + T cells in blood would correlate with the level of CD4 + T cells remaining in the intestine, and may serve as a surrogate marker for monitoring intestinal CD4 + T-cell depletion or reconstitution in simian 
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immunodeficiency virus (SIV)-infected macaques, and by inference, HIV-infected patients.
Unfortunately, anti-human / non-human primate monoclonal antibodies to 4 7 are limited, and not commercially available. However, cross-reactive antibodies to the integrin 7 are available, and although this detects both E 7 (intestinal epithelial) as well as 4 7 (lamina propria) lymphocytes, E 7 is rarely expressed in the blood, and its role in homing is less clear. 11, 12 We thus used 7 integrin alone, and in combination with CD49d ( 4 integrin) to examine and compare mucosal homing lymphocytes.
RESULTS

Distribution of 7 HIGH CD4 + T cells in tissues of normal rhesus macaques
To confirm that 7 HIGH integrin expression was specific for intestinal tissues and cells homing to gut in macaques, the expression and distribution of 7 HIGH CD4 + T cells was compared in multiple regions of gut, lymph nodes, spleen, thymus, bone marrow, and peripheral blood of normal rhesus macaques. The majority of 7 HIGH CD4 + T cells were intestinal lamina propria lymphocytes in the jejunum, ileum, and colon as well as intestinal intraepithelial lymphocytes. Substantial numbers of 7 HIGH CD4 + T cells were also detected in the blood and mesenteric lymph nodes. In contrast, very few (0.7 to 1.5 % ) 7 HIGH CD4 + T cells were detected in the spleen, and 7 HIGH expression was practically absent in the thymus and bone marrow ( Figure 1 ). Interestingly, only a fraction ( ~ 15 % ) of intestinal CD4 + cells were 7 HIGH suggesting that this integrin may be downregulated after the cells reach their target tissues, which has been shown for murine CD8 + T cells. 13, 14 However, the majority of intestinal cells expressed low or intermediate levels of 7 (not shown). Importantly, few 7 HIGH CD4 cells were present in the axillary ' s LN, despite large numbers being detected in the mesenteric LN ( Figure 1 ). Combined, this validated that 7 HIGH expression in macaques was primarily limited to intestines and tissues involved in the gut-homing pathway (mesenteric lymph nodes and blood).
CD4 + T cells expressing 7 HIGH have a " memory " phenotype
Both HIV-1 and SIV selectively infect and deplete memory CD4 + T cells in early infection. 8,15 -18 Thus to determine if 4 7 HIGH CD4 + T cells express a memory phenotype, we examined the coexpression of CD45RA (a naive cell marker) CD95 (a memory marker) and CD49d ( 4 integrin) on CD4 + 7 HIGH T cells. In all tissues, 7 HIGH CD4 + T cells were essentially all memory cells (CD45RA-and CD95 + ) ( Figure 2 ). In contrast, 7 " intermediate " CD4 + T cells were all naive cells (CD45RA + , CD95 -). In the blood, all + 7 HIGH CD4 + cells also coexpressed CD28, consistent with a " central memory " phenotype (data not shown). Furthermore, essentially all 7 HIGH CD4 + T cells in the blood coexpressed the 4 integrin ( Figure 2 ). Combined, these results indicated that circulating 7 HIGH CD4 + T cells in blood and lymph nodes were all 4 7 + central memory cells, and likely homing to intestinal tissues. Thus, we hypothesized that tracking this cell subset in the blood could predict changes in CD4 + T cells in the intestinal tract.
Loss of circulating 7 HIGH CD4 + T cells parallels the loss of intestinal CD4 + T cells in SIV infection
To determine if changes in 7 HIGH CD4 + T cells reflected changes in intestinal CD4 + T cells, we compared cells from the blood and intestine of animals at various stages of SIV infection. As expected, intestinal CD4 + T cells were markedly and persistently depleted within 13 days after infection in all animals examined ( Figure 3 ). Although a mean of 38 % of lymphocytes in the intestine were CD4 + before infection, only 5 -15 % (9 ± 3.2) of the remaining lymphocytes were CD4 + by 13 days of infection ( Figure 3 ). Furthermore, intestinal CD4 + T cells remained depleted in virtually all animals infected for more than 13 days, regardless of the stage of infection ( Figure 3 ). In addition, 7 HIGH CD4 + T cells were also rapidly and selectively depleted in the intestine in acute SIV infection ( Figures 3 and 4 ) . Note that although abundant CD4 + and 7 + cells are detected in the intestine of normal macaques ( Figure 3a ) most of both phenotypes are selectively eliminated within days of infection ( Figure 3b ). Finally, in animals infected with SIV or SHIV that were controlling plasma viremia, 7 HIGH CD4 + T cells in the intestine were only partially restored ( Figure 3b ). Notably, 7 HIGH CD8 + T cells were not depleted in the intestine or any other tissues at any stage of SIV infection ( Figure 3 and data not shown). Furthermore, immunohistochemistry of intestinal tissues from animals in early SIV infection suggested a dramatic loss of 4 7 + CD4 + T cells (but not CD8 + T cells) consistent with selective lysis of these cells in the lamina propria ( Figure 4 ). As 4 7 directs homing of T cells specifically to intestinal tissues, and likely has a major role in the maintenance and / or 
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reconstitution of intestinal CD4 + T cells, we hypothesized that a loss of circulating 7 HIGH CD4 + T cells would correlate with the depletion and persistent loss of intestinal CD4 + T cells. As shown in Figure 5 detectable decrease in 7 HIGH CD4 + T cells was observed in blood by 8 days of infection, and levels were significantly ( P < 0.01) lower than uninfected controls by 10 days of infection. Moreover, 7 HIGH CD4 + lymphocytes continued to decrease in blood in parallel with intestinal CD4 + T cells throughout infection. In fact, levels of 7 HIGH CD4 + T cells in blood closely reflected levels of intestinal CD4 + T cell changes throughout infection ( Figure 5 ). Eventually, CD4 + T cells expressing 7 HIGH in blood were essentially eliminated in macaques with AIDS, as were intestinal CD4 + T cells in these animals. Although there was a trend in chronic, asymptomatic infected animals to have higher levels of intestinal CD4 + T cells than macaques infected for 21 days ( Figure 5 ), these differences were non-significant. However, in cohorts of animals controlling infection (with undetectable plasma viremia) 7 HIGH CD4 + T cells were partially restored, which also directly correlated with levels of intestinal CD4 + T-cell restoration ( Figure 5 ). Combined, this suggests that circulating 7 HIGH cells may have a role in restoring intestinal CD4 + T cells, and tracking this T-cell subset in blood may be a useful surrogate to directly measuring intestinal CD4 + T cells in HIV-1 infection.
Comparison of the dynamics of 7 HIGH and CCR5 + CD4 + T cells in blood during acute SIV infection
We and others previously hypothesized that the rapid and selective depletion of intestinal CD4 + T cells was due to a combination of their state of activation and expression of high levels of CCR5. 8,15 -17,19 -21 Evidence for this included showing that activated CD4 + CCR5 + memory T cells were eliminated at a 
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higher rate than CCR5neg CD4 + T cells in the intestine. 8, 15, 16 In addition, a selective loss of CD4 + CCR5 + T cells in blood can be detected in individual macaques, at least in early SIV infection. 8, 15, 16 However, as CCR5 is expressed on activated memory T cells in most tissues, and not restricted to intestinal T cells, 22 we hypothesized that tracking 7 HIGH CD4 + T cells in the blood could be a better surrogate marker for monitoring intestinal CD4 + T-cell depletion. We thus compared the dynamics of circulating 7 HIGH CD4 + T cells with CCR5 + CD4 + T cells in the blood in normal and SIV-infected animals with changes in intestinal CD4 + T cells. In normal macaques, percentages of circulating 7 HIGH CD4 + T cells were much higher than CCR5 + CD4 + T cells ( Figure 6a ). Following SIV infection, both populations were rapidly and persistently depleted throughout infection, particularly in animals with AIDS. However, in animals controlling infection, blood CD4 + CCR5 + T cells had returned to levels similar to uninfected controls ( P >0.05), Thus, CD4 + CCR5 + T cells in the blood were not reflective of the level of intestinal CD4 + T-cell depletion. In contrast, blood 7 HIGH CD4 + T cells remained significantly lower in these " controllers " compared with uninfected animals ( P < 0.01) and the level of blood 7 HIGH CD4 + T cells closely correlated with levels of CD4 + T cells remaining in the intestine. Finally, the rate and magnitude of 7 HIGH CD4 + T-cell depletion in the blood was much higher than in CCR5 + CD4 + T cells. As shown in Figure 6b , the slope of decline was − 0.8 for circulating 7 HIGH CD4 + T cells, vs. − 0.3 for CCR5 + CD4 + T cells, indicating a more rapid decline of the former in early infection.
We also compared the dynamics of both circulating 7 HIGH CD4 + T and CCR5 + CD4 + T cells to changes in intestinal CD4 + T cells by linear regression analysis ( Figure 7 ). Although both populations showed significant correlations with the intestinal CD4 + T cell loss, the r 2 value of the 7 HIGH CD4 + T cells was 0.6, whereas for CCR5 + CD4 + T 
cells it was 0.3 ( Figure 7 ). Combined, this suggests that circulating 7 HIGH CD4 + T cells may be a better surrogate marker for monitoring intestinal CD4 + T-cell depletion than circulating CCR5 + CD4 + T cells.
DISCUSSION
It is well established that SIV and HIV-1 primarily target intestinal CD4 + T cells, particularly in early infection. 2, 17, 20, 23, 24 However, the intestinal mucosal immune system consists of distinct immune inductive and effector compartments, both harboring large numbers of CD4 + T cells, but with different phenotypic and functional characteristics. Understanding the nature of these distinct sites and cells is particularly important for understanding the pathogenesis of HIV-1 infection.
Large numbers of " resting, naive " CD4 + T cells reside in intestinal immune inductive sites (Peyer ' s patches and organized lymphoid follicles) also known as GALT, which are distributed primarily in the terminal small intestine (ileum) and large intestine. When resting T cells in GALT become activated through exposures to antigens they rapidly leave the GALT, migrate through the mesenteric lymph nodes, briefly recirculate in the blood, and eventually " home " to the diffuse intestinal lamina propria, which is distributed throughout the intestinal tract. This homing and dispersal of activated T cells throughout the intestine is mediated by a variety of chemokines and adhesion molecules, among which the interaction of the integrin 4 7 on leukocytes and mucosal addressin cell adhesion molecule-1 on postcapillary venules is particularly important. 7, 25, 26 This mechanism allows for antigen-specific immune responses elicited in a single site to be rapidly disseminated throughout the intestinal tract. Thus, 4 7 + CD4 + T cells detected in the blood are believed to be recently activated, transitional or effector memory CD4 + T cells, which are selectively homing to intestinal effector tissues. 27 The data presented here indicate that a loss of this particular subset in blood correlates with the massive CD4 + T-cell depletion that occurs in the intestinal lamina propria in SIV, and presumably HIV-1 infection. This loss could either be the result of selective infection and destruction of these cells, or alternatively, may reflect the failure of the central memory pool of CD4 + T cells to generate sufficient numbers of effector memory CD4 + T cells that can repopulate the intestine. Failure of this central memory pool has recently been hypothesized to have a major role in the development of immunosuppression and AIDS. 28 Within days of infection, large numbers of memory CD4 + T cells are depleted in the intestinal lamina propria of HIV-infected humans, SIV-infected macaques, as well as non-progressing hosts such as sooty mangabeys and African green monkeys. 2, 17, 20, 23, 24 We and others have proposed that this rapid and selective depletion of intestinal memory CD4 + T cells is mediated through direct viral infection and killing of these cells because of their high expression of CCR5 (permitting cells to be infected) and their state of activation, as HIV-1 selectively replicates in activated CD4 + T cells. 8, 15, 16, 18 In support of this, selective loss of activated memory CCR5 + CD4 + T cells can be detected in the intestine and other tissues in early SIV infection. 8, 15, 16 However, memory CCR5 + CD4 + T cells are not limited to mucosal tissues. In early SIV infection, a selective loss of CCR5 + CD4 + T cells can clearly be detected in the peripheral blood. As SIV induces generalized immune activation, and because CCR5 + T cells are relatively rare in the peripheral blood, chronically infected animals may occasionally show similar or even higher levels of CD4 + CCR5 + T cells in blood when compared with uninfected controls (unpublished observations). Furthermore, higher levels of CD4 + CCR5 + T cells have been reported in the blood of HIV-1 infected humans. 29 Finally, in our cohort of animals controlling infection, CD4 + CCR5 + T cells seemingly returned to normal levels, similar to uninfected controls, despite persistently low levels of intestinal CD4 + T cells, indicating that CCR5 expression in blood does not reflect the magnitude of intestinal CD4 + reconstitution. Thus, CCR5 levels in blood 
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have not proven to be a reliable marker of systemic CD4 + T-cell depletion in chronic SIV or HIV-1 infection. Possible reasons for this include the lower frequency of CCR5 + T cells in the circulation compared with 4 7 CD4 + T cells, as well as the possibility CCR5 is dynamically upregulated in response to nonspecific inflammation in HIV infection, masking the effects of a selective depletion of these cells, at least in the blood.
Recently, Arthos et al. 5 found that the HIV-1 envelope protein, gp120, binds to and signals by means of an activated form of integrin 4 7 on CD4 + T lymphocytes. These data suggest that 4 7 expression on CD4 + T cells may have a more direct role in depletion of CD4 cells, and in the infection and persistence of SIV / HIV in intestinal tissues than previously recognized. The affinity of gp120 for 4 7 could have several roles in the selective depletion of CD4 + T cells in intestinal or other tissues including; (i) using the 4 7 integrin for attachment and selective transport of the virus to intestinal tissues; (ii) facilitating direct infection of CD4 + CCR5 + T cells coexpressing 4 7 by approximating the virus to its major coreceptors; (iii) activating 4 7 HI cells potentially resulting in increased CCR5 expression, facilitating direct infection, and finally; (iv) facilitating infection of other cells by activation and formation of viral synapses, facilitating cell-to-cell spread of HIV-1. 5 These data show that the selectivity and degree of 7 HIGH CD4 + T-cell depletion in the blood during SIV infection parallels the loss of intestinal lamina propria CD4 + T cells.
Although the mechanisms behind this are not known, this may be due to increased activation (and thus more viral replication) of these cells because of selective binding of gp120 -4 7 on these cells. In vitro , gp120 / 4 7 binding has been shown to increase expression of LFA-1, consistent with cell activation. 5 Conceivably, such activation may also increase the expression of CCR5 or other HIV-1 receptors, allowing cells to be more permissive to infection, or to support higher levels of viral replication. Although 4 7 + is not considered to be a receptor for viral entry into cells the loss of CD4 + 4 7 + T cells appears to be the result of killing of these cells, as there is clearly death and lysis of CD4 + 4 7 + T cells (but not CD3 + CD4neg cells) in the intestine in early SIV infection ( Figure 4 ) .
Finally, these data suggest a persistent and dramatic loss of 7 HIGH CD4 + T cells in blood may correlate with progression to AIDS, and that restoration of 7 HIGH CD4 + T cells may reflect the levels of partial reconstitution of intestinal CD4 + T cells. Thus, 4 7 may be critically involved in the pathogenesis of the intestinal CD4 + T-cell loss, and the development of AIDS in general, at least in SIV-infected macaques. Although responses in HIV-infected humans may differ, others have indeed shown a marked and persistent loss of 4 7 + CD4 + T cells in HIVinfected patients, even when on anti-retroviral therapy. 30 Although these investigators did not examine intestinal CD4 + T cells, these studies combined with others showing persistent loss of intestinal CD4 + T cells at all stages of HIV infection 
suggest that tracking 7 expression in blood may be a useful surrogate marker for monitoring intestinal CD4 + T-cell depletion and reconstitution in HIV-1 vaccine and therapeutic studies. Clearly, more studies are needed to validate these findings in HIV-infected patients, but these results suggest that 4 7 expression may have a major role in the pathogenesis of HIV infection and the development of AIDS.
MATERIALS AND METHODS
Animals and virus
A total of 46 adult rhesus macaques ( Macaca mulatta ) of Indian origin on SIV pathogenesis studies were examined in this study. All animals were housed at the Tulane National Primate Research Center in accordance with the standards of the Association for Assessment and Accreditation of Laboratory Animal Care International standards. All studies were reviewed and approved by the Tulane University Institutional Animal Care and Use Committee. Of these, five uninfected animals were killed for tissue collection as controls, and another 41 were infected with either SIV or SHIV as follows; Thirty-seven macaques were infected with SIV either intravenously ( n = 27), intrarectally ( n = 6) or intravaginally ( n = 4) with either wild type SIVmac251 ( n = 31), SIVdeltaB670 ( n = 2)(viruses provided by Preston Marx) or molecularly cloned SIVmac239 ( n = 4) (virus courtesy of Ronald Desrosiers). These 37 SIV-infected macaques were humanely killed for tissue collection at the time points shown in Figure 3 , including early (8 days ( n = 4), 10 days ( n = 3), 13 days ( n = 3) and 21 days ( n = 4)) post infection, chronic infection with either no overt signs of disease (chronic asymptomatic, n = 8) or with illness that could not be definitively attributed to AIDS (e.g., nonresponsive diarrhea, weight loss, etc; n = 6), and nine animals with overt signs of AIDS. All animals killed early in infection (21 days or less) were intravenously infected with SIVmac251 to reduce variation that can occur with mucosal inoculations, but we grouped chronically infected animals irrespective of inoculum or route because we have found that the pathogenesis of chronic infection is similar with these viruses, 
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regardless of the route of inoculation. SIV-infected macaques killed with AIDS ( n = 9), all had AIDS-defining lesions and / or opportunistic infections including Pneumocystis carinii pneumonia ( n = 6); disseminated Mycobacterium avium infection ( n = 2) or SIV encephalitis ( n = 1). The remaining four animals ( " controllers " ) refers to four macaques infected with either SIVmac251 ( n = 1), SHIV89.6P ( n = 2) or SHIV-KU ( n = 1) which became infected and originally had high-peak plasma viremia, but subsequently controlled viral replication to undetectable levels ( < 125 copies per ml) in plasma. Intestinal samples from these animals were collected by endoscopic biopsy, as they remain clinically healthy.
Cell isolation and flow cytometry
Tissues were collected from the jejunum, ileum, colon, spleen, mesenteric, and axillary lymph nodes, and thymus within minutes of necropsy and transported to the lab on ice for immediate processing. Lymphocytes from the intestine and other tissues were isolated and stained for flow cytometry as previously described. 15 Peripheral blood, spleen, and bone marrow cells were stained using a whole blood lysis technique as previously described. 15 Blood and intestinal lymphocytes from all 46 animals were examined by four color flow cytometry with fluorescently conjugated monoclonal antibodies to CD4-APC, CD8-PerCP, CD45RA-FITC, or CD3-FITC combined with CCR5-PE (clone 3A9), or 7 integrin-PE (BD Biosciences, San Diego, CA) in separate tubes. Samples were acquired on a FACS Calibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ) and analyzed with Flowjo software (Tree star, Ashland, OR). To further characterize 7 HIGH CD4 + cells in blood, an additional five normal macaques were examined by nine-color flow cytometry using appropriately diluted, directly conjugated monoclonal antibodies to CD95-FITC or CD45RA-FITC, 7 integrin-PE, CD49d / integrin 4-PE-Cy5, HLADR-PE-Cy7, CD28-APC, CD69-APC-Cy7, CD3-Pac. Blue (BD Biosciences) CD8-PE-TR (Caltag Laboratroies, Carlsbad, CA), and CD4-Qdot655 (NIH), followed by red blood cell lysis and wash with dPBS / BSA. These samples were resuspended with BD Stabilizing Fixative (BD Biosciences) and acquired on LSRII flow cytometer (Becton Dickinson). Data were analyzed with Flowjo software (Tree star).
Immunohistochemistry
Three color immunofluorescent staining for 7, CD4, and CD3 (T cells) was performed on selected animals (uninfected and through day 21 infection) to visualize and phenotype the distribution of 7 + T-cell subsets in tissues by confocal microscopy as previously described. 31 In brief, tissues were stained using unconjugated primary antibodies and then with secondary antibodies conjugated to either Alexa 488 (green), Alexa 568 (red) or Alexa 633 (blue)(Molecular Probes, Eugene, OR). Confocal microscopy was performed using a Leica TCS SP2 confocal microscope equipped with three lasers (Leica Microsystems, Exton, PA). Individual optical slices represent 0.2 mm, and 32 -62 optical slices were collected at 512 × 512 Q1 pixel resolution. NIH Image (version 1.62) and Adobe Photoshop (version 7.0) were used to assign colors to the channels collected.
Statistics
Graphical presentation and statistical analysis of the data were performed using GraphPad Prism 4.0 (GraphPad Software, SanDiego, CA). Comparisons between three or more groups were analyzed by a one-way ANOVA and Dunnett ' s Multiple Comparison Test for significant differences ( P < 0.05). The Dunnett ' s test was also used when comparing controls (one group) to other groups. Correlations between samples were calculated and expressed using the Spearman ' s coefficient of correlation. The rate of cell loss was determined using Linear Regression analysis.
